Context: Reductions of muscular and cardiorespiratory functions are often observed in people with spinal cord injury (SCI) and several studies demonstrated the benefits of aerobic and strengthening exercise training for this population. Functional Electrical Stimulation (FES) of paralyzed muscles has been proposed as a strategy to assist patients in executing functional movement but its utilization during long durations has never been investigated. The purpose of the present study was to assess the effects of a one-year training program with FES (strengthening and rowing) in one subject with SCI. Evoked torque, quadriceps muscle thickness, aerobic exercise capacity and bone mineral density were tested. Findings: All parameters increased after training: average evoked torque +151%, quadriceps muscle thickness +136%, thigh circumference +14%, bone density +19%, maximal oxygen uptake +76% and oxygen uptake at ventilatory threshold +111%. Conclusion: These impressive improvements demonstrate that FES training offers several interesting clinical benefits in a patient with SCI.
Injuries of the nervous system at the origin of permanent neurological deficits can lead to moderate to severe muscle paralysis, loss of lower-limb functionality and reduced physical function. Indeed, spinal cord injury (SCI) is often associated with a sedentary lifestyle resulting in chronic changes in skeletal muscles and in the cardiovascular system. These chronic changes are a major health issue for persons with SCI, since their rate of mortality from cardiovascular disease is 228% greater than in the able-bodied population. 1 Dramatically low values of maximal oxygen uptake (VO 2max ) reported in people with SCI (15.7 ± 1.5 mL.min −1 .kg −1 and 33.4 ± 6.9 mL.min −1
.kg −1 in sedentary and trained persons with paraplegia) 2, 3 reflect the importance of cardiovascular deconditioning in this population. Moreover, muscles rapidly become atrophied following injury 4, 5 and convert toward predominantly fast type
IIx fibers due to the removal of chronic efferent neural activity. Muscles therefore become weak, highly fatigable, and have a fast contractile speed. In addition, after SCI, bone breakage due to osteoporosis is a wellrecognized problem. 4, 6, 7 Since most of these alterations have been associated with the sedentary lifestyle adopted by most people with SCI, studies have tested the effects of regular aerobic exercise in this population and showed that it was greatly beneficial to health and quality of life for persons with SCI. 2 However, intensity and volume criteria necessary to induce significant benefits across multiple systems 8 are generally not reached since the main option for individuals with SCI to engage in aerobic exercise training is often limited to some form of arm exercises. Recently, Functional Electrical Stimulation (FES) has been proposed as an interesting training method for people with SCI since it helps to generate lower limbs' muscle contractions and produce functionally useful movements. Several studies reported muscle hypertrophy, improvements in bone mineral density and increases of aerobic capacity using FES training during several weeks. 6, 9 More recently, it has been suggested that FES-rowing, involving both innervated upper body and electrically stimulated lower body muscles, could help to produce greater aerobic power and oxygen consumption than either upper body or lower-body FES exercise alone. 2 However, to our knowledge little data exist on the effects of a long-term FESrowing training program and on the effects of the association of FES-strengthening and FES-rowing. In addition, to date no study has examined the effects of these two training methods at the different levels of the organism (muscular, bone, cardiorespiratory). The aim of this preliminary study was therefore to evaluate the feasibility and the effects of three months of FES-strengthening followed by nine months of FES-rowing training on skeletal muscle strength and thickness, bone mineral density (BMD) and cardiorespiratory function in one subject with SCI.
Methods Participants
A 36-year-old woman (height 155 cm, body mass 57 kg, VO2 peak 14.4 mL.min .kg −1 ), with a complete SCI between T4-T5 for 2 years (class A from the American Spinal Injury Association) participated in the study. She was neurologically stable and was fully informed of the nature of the study and risks involved in participation in the experiments. An incremental arm cycling test was performed under medical supervision before inclusion in order to verify that there was no contraindication to exercise training. The experiment conformed to internationally accepted policy statements regarding the use of human subjects and was approved by local ethics committee. Trial was registered on Clinicaltrials.gov.
Design
The total duration of this study was 12 months, including three months of knee extensor muscles strengthening and nine months of FES-rowing. Tests were performed at the time of inclusion (M0) and then every three months (M3, M6, M9, M12).
Training protocols
FES-strengthening (from M0 to M3) Before being able to perform FES-rowing, it is necessary to strengthen knee extensor muscles. To that purpose, electrical stimulation training was used to induce leg extension (3 times a week). The subject was seated on a chair and the electrodes (10 × 5 cm) were placed over the motor points 10 of the quadriceps and attached to the 2-channel electrical stimulator (Odstock, Salisbury, United Kingdom). Subject used the stimulator to generate dynamic knee extensions through concentric action of the quadriceps muscles of the two thighs (6 s per contraction interspersed with 6 s of rest, no ramp, pulse width of 450 μs, frequency of 40 Hz). The intensity of the stimulus to the quadriceps was set to the level that produced knee extension near complete. As the quadriceps fatigued, the intensity of the stimulation was increased to maintain full movement, up to the maximal intensity of the device if necessary (110 mA).
FES-rowing (from M3 to M12)
After the initial strengthening period, subject began FES-rowing 3 times a week during nine months.
Training sessions consisted of intervals of FES rowing interspersed with arms only exercises in order to provide rest periods for the legs. The duration of FES rowing and arms-only sequences were adapted for each session depending on fatigue development. The ultimate goal was 30 minutes of continuous FES rowing at an intensity close to 75%-85% of maximal heart rate.
The subject was trained in the FES row technique to ensure proper timing of the stimulation in the rowing stroke. Briefly, the subject starts with legs in full flexion and then presses on a sensor to produces a constant level stimulation ( pulse width of 450 μs, frequency of 40 Hz) to the motor points of the quadriceps on both legs via surface electrodes. The knees extend and the seat moves back along the track. This movement is accompanied by the handle pulling. When the handle is fully withdrawn the subject releases the pressure on the sensor, causing constant level stimulation to be applied to the hamstrings and removal of stimulation from the quadriceps and the seat can return to the starting position. The intensity of stimulation is adapted throughout the session to allow the movement.
Testing procedures
Tests were performed at approximately the same time of day. At each time point, the subject came for two testing sessions separated by at least three days in order to avoid fatigue accumulation.
Evoked torque
Isometric knee extensor muscles' torque was measured under electrical stimulation train pattern. Subject was placed on an isokinetic dynamometer (Biodex Corporation, Shirley, NY) with velcro straps across the thorax for stability. The right leg was fixed to the dynamometer lever-arm and the axis of rotation of the dynamometer aligned to the lateral femoral condyle that indicates the anatomical joint axis of the knee. The stimulation program (6 s of contraction generated by continuous 40 Hz stimulation with a pulse width of Deley et al. One year of training with FES has impressive beneficial effects in a 36-year-old woman with spinal cord injury 450 μs) was applied at an angle of 90°(0°corresponding to full extension). The electrodes (10 × 5 cm) were placed over the motor points of the quadriceps and attached to the 2-channel electrical stimulator (Odstock, Salisbury, United Kingdom). Following setup, maximal evoked torque was determined by recording the torque response (Biopac Systems Inc, California, USA) of the paralyzed muscle to a series of 6-second stimulation trains increasing by 10 mA from 15 mA and up to maximal (110 mA). The entire torque record was digitized online at a 2 kHZ sampling frequency (Biopac sytems, Inc., Goleta, CA, USA). Average evoked torque was calculated as the average of all intensities. Trains were delivered at a rate of one every 10s.
Structural architecture
Muscle architecture was assessed using real-time Bmode ultrasonography (AU5; Esaote Biomedica, Florence, Italy) with a 50-mm, 7.5-MHz linear-array probe. All measurements were performed on the right leg after subject has been in the supine position for 20 minutes. 11 Scans were taken in the midsagittal plane, at the level of 39% of the Vastus Lateralis muscle length from the superior border of the patella to the anterior superior iliac spine. 12 With the use of measurements of muscle length and anatomic landmarks, this position was recorded and marked to ensure that the same region of the muscle was scanned on subsequent sessions. 13 Great care was taken to be consistent in applying minimal pressure during scanning to avoid compression of the muscle. 14 During each testing session, three scans were recorded on videodata, and an average of three scans calculated to decrease risk of error in data analysis. In addition, to assess global structural muscle evolution, subject seated on chair and a muscular circumference of right thigh was measured with tape-measure at the level of 25%, 50% and 75% of the VL muscle length starting to patella. An average of these three measurements is presented in the results.
Bone density
At M0 and M12, the BMD was evaluated using dual energy X-ray absorptiometry (DEXA) techniques. The DEXA technique was used because of its availability, reproducibility, and good overall accuracy (5% to 8%) and precision (<2%) for a number sites.
6,15 BMD measure was realized on the femur neck.
Peak exercise capacity
At each time point except M0, aerobic capacity was assessed using an incremental test on functional electrical stimulation hybrid rower (FES rowing). Tests started with load of 10 watts increased by 10 watts every minute until subject could not maintain the required intensity during 20 seconds. Heart rate (heart rate monitor, Polar, Finland) and gas exchanges (K4b², Cosmed, Italy) were monitored continuously. To ensure attainment of peak exercise capacity, at least 3 of the following criteria were met: (1) 85% of age-predicted maximal heart rate (220 beats/min -age) was achieved; (2) the Deley et al. One year of training with FES has impressive beneficial effects in a 36-year-old woman with spinal cord injury respiratory exchange ratio was >1.10 at the end of exercise; (3) a plateau in O 2 consumption occurred despite increasing workload and (4) perceived exertion was rated at least 17 on the Borg scale of 6-20.
Results
As shown on Figure 1 , average evoked torque increased from M0 to M12, reaching 151%. The biggest increase was observed during the first three months of the training protocol, with a 110% enhancement of evoked torque. The highest value of average evoked torque was reached at M9 and a slight decrease was observed during the last three months. Similarly, the maximal evoked torque increased by 168% between M0 and M12, with the greatest increase during the first three months (154%), the highest values being observed at M9 (+203%) and a slight decrease during the last three months (-11%). Muscle thickness was increased by 136% between M0 and M12 with +83% in the first three months (Fig. 2) . Thigh circumference was increased by 14% between M0 and M12 and by 6% between M0 and M3.
The BMD was increased by 19.4% between M0 and M12 (0.534 gr.cm −2 versus 0.638 gr.cm
, respectively). Lastly, oxygen uptake measured during FES-rowing tests was significantly increased between M3 and M12 both at the end of the test (from 18.1 to 28.6 mL.min .kg −1 ) (Fig. 3) . These increases were accompanied by only a slight enhancement of workloads (from 35 to 40 watts at peak and unchanged at ventilatory threshold).
Discussion
The aim of this preliminary study was to assess the effects of three months of FES-strengthening followed by nine months of FES-rowing in a subject with SCI. For the first time, our results demonstrated the ability of these two training methods to improve cardiorespiratory and muscular functions as well as BMD of a subject with SCI. Our results showed an important improvement of quadriceps muscles' strength after one year of training with FES (+151%). Previously, Bélanger et al. 6 showed a 75% increase of maximal strength after 24 weeks of FES strengthening and Crameri et al.
16
, demonstrated a 54% increase after 10 weeks FEScycling. However, to our knowledge, this study is the first to demonstrate such impressive enhancements of muscle strength. This can probably be mostly explained by the duration of the training program but also by the association of the two FES training protocols. Since there is no voluntary command in people with SCI, the evoked torque depends on peripheral parameters such as muscle contractile, metabolic, histochemical properties 4 and muscular mass. 17 Indeed, in the present study, we found a 136% increase of the muscle thickness (corresponding to +17.9 mm) with 83% (+11.0 mm) occurring during the initial strengthening phase of training. These results suggest increases to levels observed in sedentary persons ( personal unpublished data), and that these increases would result from protein synthesis. 18, 19 Indeed, Bickel et al. 20 showed
that an acute bout of electromyostimulation was sufficient to stimulate a molecular response, indicating the initiation of hypertrophy processes in quadriceps muscle. The quadriceps muscles of our SCI subject therefore appear to respond to regular and repeated , respectively) might be explained by the duration and content of our training protocol. Our data support the "mechanostat theory," 22 which claims that bone will only respond to levels of loading ranging from 1,500 to 2,500 microstrain. FES rowing appeared to be an excellent stimulus to improve BMD because bone adaptive response occurred when efforts were above a lower threshold and below an upper threshold level. 23 Lastly, this study showed an improvement in values of exercise capacity as shown by the increased oxygen uptake both at submaximal and maximal levels. These increases result from central and/or peripheral changes during FES-row training. Indeed, it has been suggested that specific workout with FES-rowing, which includes an activation of the largest possible muscle mass, results in (i) augmented autonomic sympathetic outflow, (ii) reduced lower-extremity venous pooling improving venous return to the heart, stroke volume and cardiac output and (iii) higher cardiac volume load promoting central training effects. Training is therefore performed at higher levels of oxygen uptake inducing more effective aerobic conditioning and training benefits for both upper-and lower-body musculature. 18, 24 In addition, the increased muscle mass we obtained with training might have maximized these effects.
Conclusion
This pilot study suggests that FES training offers several interesting clinical benefits in a patient to SCI. These benefits include impressive improvements in quadriceps muscle strength and size, bone mineral density and aerobic capacity. Most importantly, we observed major increases during the initial phase of training (FESstrengthening), probably because of the very low initial values attributable to a significant deconditioning. In addition, these results underline that following up 3-month FES-strengthening period with 9 months of FES-rowing causes maintenance of the initial strength gains. However, this study is a case report with no control. So, the results should be interpreted with caution. Nevertheless, it does suggest that the investigation of the effects of this type of training, association between FES-strengthening and FES-rowing should be pursued. Indeed, FES exercise appears as a key to enhance exercise capacities in people with SCI.
